Abstract. The tourniquet test (TT) is a physical examination maneuver often performed on patients suspected of having dengue. It has been incorporated into dengue diagnostic guidelines and is used in clinical studies. However, little is known about TT performance characteristics in different patient types or epidemiologic conditions. In the dengue-endemic city of Iquitos, Peru, we performed TTs and dengue laboratory assays on 13,548 persons with febrile disease, recruited through either active (n = 1,095) or passive (n = 12,453) surveillance. The sensitivity was 52% and 56%, the specificity was 58% and 68%, the positive predictive value was 45% and 55%, and the negative predictive value was 64% and 69% for persons enrolled in active and passive surveillance, respectively. We demonstrated that the TT was more sensitive identifying dengue disease in women and those of younger age and that sensitivity increased the later a person came to a medical clinic for care.
INTRODUCTION
Dengue fever (DF), a mosquito-borne viral disease, threatens nearly four billion persons in at least 128 countries, and no effective vaccine or antiviral drug is currently licensed. 1 Infection with any of the four dengue virus serotypes 1-4 (DENV-1, DENV-2, DENV-3, and DENV-4) can cause outcomes that range from asymptomatic or mild disease to fatal dengue hemorrhagic fever (DHF)/dengue shock syndrome. Typical signs and symptoms associated with most symptomatic infections include fever, headache, malaise, and body aches. Because of these often non-specific manifestations, dengue is frequently mistaken for other endemic febrile diseases, including typhus, leptospirosis, and malaria. [2] [3] [4] Early diagnosis of DENV infection provides many benefits, including the timely application of management algorithms and supportive care. 5 Furthermore, the exclusion of dengue from the differential diagnosis may help identify other infections with similar presentations. Although no antiviral drug is available to treat DENV infection, various antibacterial and antiparasitic medicines are available to treat diseases with manifestations similar to dengue.
A handful of assays that rapidly diagnose dengue exist, including immunochromatographic assays and polymerase chain reaction. 6, 7 Nevertheless, cost remains a hurdle in the wide-scale adoption of these assays in poor and under-served areas that are often disproportionally affected by dengue. Therefore, diagnosis and classification often rely on more readily available and affordable means.
The tourniquet test (TT) is a physical examination technique that can identify and stratify dengue disease. Infection with DENV may result in increased capillary permeability, a physiological state that the TT exploits by applying sustained pressure to these small vessels. 8 The resulting petechiae (cutaneous pinpoint, non-raised, purplish-red spots) can be found in patients with DF and DHF. The TT is performed by inflating a blood pressure cuff midway between the systolic and diastolic blood pressure on a person's upper arm. After five minutes, if the number of petechiae counted in an area exceeds a certain number (i.e., 20 petechiae in a one square inch area), then the test result is considered positive. In 1997, the World Health Organization created guidelines for the identification and management of DHF. 9 These included a positive TT result as a criterion, along with other findings, such as mucosal bleeding, in the diagnosis of DHF. The 2009 World Health Organization Dengue Guidelines for Diagnosis, Treatment, Prevention, and Control listed a positive TT result as a criterion for the diagnosis of probable dengue. 5 Despite the widespread use of the TT in dengue clinical and research settings, little is known about the performance of this test across demographic groups and epidemiologic conditions. The objectives of this study were to assess TT use in discriminating dengue from non-dengue acute febrile illnesses in Iquitos, Peru, and to compare TT performance among different age groups, sexes, days of illness, and epidemiologic conditions.
METHODS
Two separate recruitment strategies were used in this study, a clinic-based passive febrile surveillance component and a community-based active febrile surveillance component. Passive surveillance was covered by two protocols, protocol #2000.0006, approved by the U.S. Naval Medical Research Center (Silver Spring, MD) Institutional Review Board, and protocol #2010.0010, approved by the U.S. Naval Medical Research Unit No. 6 (NAMRU-6, Lima, Peru) Institutional Review Board. All persons 18 years of age required consent from a parent or legal guardian, and all persons 8-17 years of age were also required to give written assent. Active surveillance was covered by a separate protocol, approved by institutional review boards at the University of California at Davis (protocol #2007-15244), Naval Medical Research Center (protocol #2005.0009), and NAMRU-6 (protocol #2007.0007). Written consent was obtained from all participating adults and the parents of participants 3-18 years of age; written assent was also obtained from persons 7-18 years of age. Each protocol was in compliance with all U.S. Federal regulations governing the protection of human subjects. All protocols were reviewed by the Ministry of Health of Peru, as well as local public health officials in Iquitos, Peru.
The study took place in Iquitos, a tropical city with approximately 400,000 persons located in the northeast part of Peru that experiences yearly surges in dengue cases. 10, 11 A TT was performed at each acute-phase visit by healthcare personnel in the clinic or home for the passive or active surveillance, respectively. This procedure was performed by inflating a blood pressure cuff to a point midway between the systolic and diastolic blood pressures. The cuff remained inflated for five minutes on a person's upper arm. Petechiae were then counted on the volar area of a person's forearm distal to the blood pressure cuff. A test result was considered positive if 20 petechiae were counted in a one square inch area. Standardized training in administering the TT was offered to all study personnel by one of three physicians (co-authors SV, CR, and IB).
Passive surveillance. Passive surveillance was conducted during June 2002-June 2011 in 13 outpatient health clinics throughout the city of Iquitos. At each site, participants were enrolled with the same inclusion criteria used in prior clinical and epidemiologic studies involving these protocols. 10, 12 These criteria were 1) presence of fever 38.0 C occurring for 7 days and 2) no obvious source of infection such as cellulitis, dental abscess, influenza-like illness, or urinary tract infection. In addition to the acute-phase visit, persons were asked to return for a follow-up visit, usually 10-21 days later. Serum samples were collected at both the acute-phase and follow-up visit.
Active surveillance. Two separate active surveillance cohort populations were monitored for dengue-like illness during the course of the study. The first cohort study (approximately 4,500 participants) was initiated in geographically diverse neighborhoods across Iquitos during September 2006-March 2011. 13 The second cohort study (approximately 6,000 participants) was initiated in the Maynas and Tupac Amaru neighborhoods in April 2008 and is ongoing. This study uses data collected before June 2011. The surveillance structures for the two cohorts were similar. Participants were visited three times a week in their residence and asked about the occurrence of fever or other symptoms indicative of DENV infection. If a person affirmed the presence of fever and lacked an obvious source of infection (such as cellulitis, dental abscess, influenzalike illness, or urinary tract infection), a history, physical examination (including TT), and serum sample were obtained. Persons with and without DENV infection received subsequent daily medical examinations (including TTs) until two days after symptom abatement. A follow-up serum sample was obtained 14-21 days after the initial visit and compared with the acute-phase sample by enzyme-linked immunosorbent assay (ELISA) to assess for seroconversion.
Laboratory testing and determination of infection. At NAMRU-6, acute samples were evaluated for infectious DENV by using culture on Vero and C6/36 cells and a standard indirect immunofluorescence assay as described. 12 In addition, culture and indirect immunofluorescence assay were also performed for the following arboviruses known to cause undifferentiated fever in the region: Mayaro virus (MAYV), Oropouche virus (OROV), the group C arboviruses (GRCV), and Venezuelan equine encephalitis virus (VEEV). 12 A subset of acute-phase samples was also evaluated by using reverse transcriptionpolymerase chain reaction during outbreak situations or if requested by the site clinician. 7 Serologic testing was performed by using an ELISA for DENV IgM on acute-phase and follow-up samples as described. 12 In addition to DENV, IgM ELISAs were also performed on the acute-phase and follow-up samples for MAYV, OROV, GRCV, and VEEV.
Based on the aforementioned assays, each participant was assigned one of the following diagnoses: DENV, MAYV, OROV, GRCV, VEEV, or negative. Detection of virus or RNA was considered definitive for the viruses listed above, and for cases diagnosed by ELISA, seropositivity was defined as the presence of IgM in either the acute-phase or follow-up sample. If a sample had IgM to more than one arbovirus, the following criteria were used to define a diagnosis: 1) an increase in IgM titer between acute-phase and convalescentphase samples was considered more definitive than merely the presence of IgM in one or both samples; 2) if titers did not show an increase, but one arbovirus possessed a 2-fold titer than all others, it was considered to be the cause of the infection; and 3) when titers were similar between two or more arboviruses, the sample was excluded from analysis.
Data analysis. Exploratory data analysis (Fisher's exact test and Pearson's chi-square test) was conducted by using SAS version 9.3 14 and R version 2.15. 15 Positive predictive value (PPV) was defined as the proportion of true positives to all positives; negative predictive value (NPV) as the proportion of true negatives to all negatives; and accuracy as the proportion of true positives and true negatives to all samples. To assess the relationship between TT positivity and various demographic variables, a mixed effects logistic regression model was constructed using the lme4 package in R version 2.15. Fixed effects included participant age (in 10-year intervals, e.g., 0-10, 11-20), sex, and day of illness at presentation, and year was included as a random effect. A separate model was developed to determine if patient attributes (age, sex, and day of illness) could be used to better predict dengue from nondengue. Age, sex, day of illness, and TT result, as well as interaction terms between TT result and the other variables, were included in the initial model. Based on the Akaike information criterion, a model that included TT and the interaction terms (TT with age, sex, and day of illness) was a better fit than the full model.
RESULTS
In total, 12,453 and 1,095 persons with TT results during an acute febrile illness participated in the passive and active surveillance portions of the study, respectively. These two groups yielded 5,103 (41%) and 439 (40%) persons with dengue, respectively. Characteristics of the two surveillance methods and the persons recruited in each method are shown in Table 1 .
Overall TT performance and performance during hightransmission periods. Sensitivity, specificity, PPV, and NPV of the TT obtained through active and passive surveillance are shown in Table 2 . Tourniquet test sensitivity (Spearman's correlation coefficient = 0.25, 95% confidence interval [CI] = 0.05-0.44) and specificity (-0.33, 95% CI = -0.53 to -0.14]) were correlated with monthly dengue incidence. The variation in NPV and PPV over time and during varying transmission periods is shown in Figure 1 .
Tourniquet test performance by day of presentation, age, sex, and DENV serotype. In passive surveillance, TT sensitivity was lowest for persons reporting on onset day 0 and greatest for those reporting on day 7 (45% versus 69%; P 0.0001, by χ 2 test for trend) (Figure 2 ). Specificity did not vary significantly in relation to day of presentation (P = 0.70. by χ 2 test for trend).
The sensitivity of the TT depended on the age of the person, ranging from 65% in participants 10 years of age to 46% in participants 60 years of age (P 0.001, by χ 2 test for trend) (Figure 3 ). In contrast, specificity did not differ with age (P = 0.83, χ 2 test for trend). The TT had higher sensitivity for females (59% sensitivity in females versus 53% in males; P 0.0001, by Pearson's χ 2 test), but a higher specificity for males (73% specificity in males versus 63% in females; P 0.0001, by Pearson's χ 2 test). These sex differences in sensitivity and specificity were consistent across almost all years; only in 2003 was sensitivity higher in males.
To address the possibility that TT outcome was influenced by DENV serotype, we compared TT sensitivity across serotypes. To control for potential biases across the course of the study, we only compared DENV serotypes during periods of co-circulation. The TT sensitivities were similar for DENV-3 Tourniquet test performance on repeat testing. In contrast to passive surveillance, participants in active surveillance often received a TT on multiple successive days. The average number of total TTs performed on these persons was 3.6. On the day of presentation, sensitivity was greater for persons detected later in their illness, with a sensitivity of 40% for persons presenting on day 0 and 69% on post-onset day 5 ( Figure 4) . Nevertheless, sensitivity did not increase substantially over time for repeated measures on the same person. Of the 263 persons with DENV infections who had a positive TT result on any day, 226 (86%) had a positive test result the first time it was performed, and an additional 13 (9%) were captured on a second test performed the next day. Overall, repeat testing resulted in a moderate increase in sensitivity to 60% (263 of 439) and a moderate decrease in specificity to 56% (370 of 656).
Tourniquet test performance in the presence of other endemic arboviruses. After excluding 54 persons in passive surveillance who had equivocal serologic results, 311 persons had laboratory evidence of infection with a non-DENV arbovirus: VEEV (175 persons), OROV (62), MAYV (55), and GRCV (19) . The TT result was positive in 22%, 37%, 33%, and 42% of these persons, although the PPV was 1% for each of the four viruses.
DISCUSSION
This study showed that the TT had a sensitivity of 52-56% and a specificity of 58-68% when used at an initial visit at our study sites in northeastern Peru, but performed differently depending on sex and age of participants. Although the TT tended to be more sensitive as persons presented later in the disease, the clinical utility of performing repeated TTs was minimal.
Filtration capacity, a marker for capillary permeability, has been shown to be higher in healthy children than adults, a phenomenon attributed to loss of microvasculature permeability as surrounding muscle fibers grow with age. 16 In addition to the age findings, the same study showed greater permeability in adult females than males. These physiological factors may explain why we found the TT to be more sensitive in those of younger age and in females.
We observed an increase in TT sensitivity when the initial test was performed more days after the onset of illness. Increases in microvascular permeability over the course of dengue disease, as noted in a group of Vietnamese children, may account for this finding. 8 In contrast, when following the same person over multiple days, we noted a slight increase in sensitivity between the first and second days of observation, but not after that. Eighty-six percent of those who had a positive TT result sometime during their illness also had a positive TT result during their first examination.
These seemingly contradictory findings, increasing TT sensitivity with later day of initial testing yet decreasing TT sensitivity with subsequent testing, may be explained by two potential mechanisms. Those presenting early in the course of the illness, even if they are experiencing the peak of their symptoms, may not have had sufficient time for the physiological mediators of vascular permeability to fully manifest compared with those presenting later in the course of their disease. If persons tend to seek care at the peak of their illness, then subsequent decreases in sensitivity may occur concomitantly with physiological changes associated with recovery. Conversely, the decrease in sensitivity with subsequent testing may be attributable to something inherent to the testing process, such as changes in the microvasculature, skin, or TT procedure that could occur with re-testing. Because of the limited added benefit with re-testing, and because the TT is not always a well-tolerated procedure, we recommend against performing TTs multiple times throughout a patient's disease course. 17 Because NPV and PPV are calculated based on underlying transmission dynamics, both varied substantially over the 10-year time span; NPV was 80% for most low-transmission periods and PPV was 80% during high-transmission periods (Figure 1) . One of these high-transmission periods occurred in late 2010 and early 2011, during the introduction of a new DENV lineage (lineage 2 of American/Asian genotype DENV-2) associated with an increase in quantity and severity of disease. 18 Prior to this time, DHF had scarcely been reported in the city, but during this period one large Iquitos hospital reported more than seven times the number of dengue-related hospitalizations in just one month (January 2011) compared with previous 12-month periods. As expected during a time of increased disease activity, PPV increased and NPV decreased, but TT sensitivity exceeded 70%, the highest value during consecutive months over the study period. This increase in TT sensitivity concomitant with a period of severe disease has not been reported. Previous studies showed no difference in sensitivity between persons with DF compared with those with DHF. 3, 19, 20 We were unable to compare those with DF to those with DHF because our studies did not collect all the data necessary (i.e., platelet levels or liver function test results) to differentiate between these two entities. In addition to our sensitivity results, we also found that specificity decreased during times of increased transmission. These results suggest that in addition to potential biological factors, operator-related factors may influence TT results. For example, study personnel may have been attuned to recent dengue transmission reports and may have subtly biased the TT reading.
In addition to the TT, other methods exist for diagnosis of dengue at the bedside, including rapid diagnostic assays and clinical scoring systems. A study that evaluated IgM detection with four rapid diagnostic tests showed sensitivities of 21-98% and specificities of 77-91%. 21 Another study evaluating four rapid IgM assays, found a more consistent range of sensitivities (71-80%) but had a wider range of specificities (46-89%). 6 Non-structural protein 1 assays performed comparably, with sensitivities of 49-59% and specificities of 93-99%. 6 Although rapid assays may possess slightly better outcome measures than the TT, the cost of rapid diagnostic assays must be considered in countries such as Peru, where the average annual per capita health expenditures are US $269. 22 Another approach to dengue diagnosis uses data normally collected during a patient's admission. This data includes basic laboratory results (e.g., leukocyte count, liver function test results), physical examination findings (e.g., rash), and symptoms (e.g., retro-orbital pain, arthritis) with and without the TT to predict who will have dengue versus another febrile illness. 23, 24 Such strategies may result in enhanced sensitivity but introduce added complexity in the form of complicated algorithms. Our findings are consistent with those of other reports showing that a positive test result may occur in the absence of DENV infection. 25 Other investigators have shown that scrub typhus and influenza may cause a positive TT result, and our study adds VEEV, MAYV, OROV, and GRCV infections to this list, although the TT in all of these entities had a lower sensitivity than that for dengue fever. 3, 20 A strength of our findings was that this study was conducted at 13 sites over the course of 10 years and used many study personnel to perform the TT. Although training and periodic oversight was offered by three local physicians over the course of the study, slight variation in technique and method may have occurred among sites. Nevertheless, our data reflect what would be expected from a wide array of healthcare personnel, thereby attenuating any solitary deviation of technique that may have been practiced. A limitation is that specific data about the number of petechiae observed was not recorded. Other investigators have assessed different cut-off levels for petechiae number and the subsequent impact on sensitivity and predictive value of the TT. 25 We preferred to adhere to a value of 20 petechiae in an area measuring one square inch, the approach described in previous dengue guidelines and used by many but not all previous studies evaluating TT performance. 3, 9, 19, 20, 23, 26, 27 Like many other physical examination signs and laboratory assays, the TT remains a tool in the diagnostic armamentarium against dengue. Its variable performance characteristics for different ages, sexes, and epidemiologic conditions must be weighed against the relative simplicity and speed in which this procedure yields a result with a sensitivity rivaling some rapid diagnostic assays. Although insufficient to provide definitive dengue diagnostic information, the greatest value of the TT may be in quickly indicating dengue disease during hightransmission periods and rapidly excluding disease during low-transmission periods. 
